The expanding field of stem cell research is now beginning to help with the problems of modern psychiatry. On the one hand, induced pluripotent stem cells (iPSCs) can now be used to generate neural cell lines from patients suffering from psychiatric disorders, which can then serve as models for studying changes in gene expression pattern involved in the pathogenesis of these diseases. These artificially generated neural cells are also employed in studying the efficacy of newly developed antipsychotic treatments. On the other hand, evidence has accumulated that not only monocytes, which can be microglia precursors, but also certain other adult bone marrow-derived cells may cross the blood-brain barrier and affect biological processes in brain tissue. Along with evidence of circulating and brain-infiltrating cells, there are well-studied factors (e.g., chemokines, phosphosphingolipids, and complement-cleavage fragments) that modulate trafficking of these cells between bone marrow and neural tissue. These observations may help to shed new light on the pathogenesis of psychotic disorders and, in the future, perhaps help to develop more effective treatments.
Introduction
Rapid progress in stem cell research touches all of medical specialties, and psychiatry is no exception. This is understandable, because development and even the postnatal state of brain tissue and its function are affected by circulating cells, including stem cells [1] [2] [3] . An important step forward in studying psychiatric disorders is based on the possibility of obtaining patient-specific neural cell lines derived from induced pluripotent stem cells (iPSCs) created from patient's own somatic cells, such as skin cells [4] . Such neural cell lines allow the study of changes in the gene expression patterns involved in psychiatric syndromes and the testing of novel treatment strategies.
Moreover, evidence indicates that some bone marrow (BM)-derived cells, such as precursors of microglia, can cross the blood-brain barrier not only in situations when this barrier is damaged, as seen for example in neurodegenerative disorders, but also under steady-state conditions [5] .
It is well known that peripheral blood (PB) serves as a "highway" for circulating stem cells. Hematopoietic stem cells (HSCs), endothelial progenitors (EPCs), mesenchymal stem cells (MSCs), and developmentally early very small embryonic-like stem cells (VSELs) circulate in PB at low concentrations, and their number increases in several models of tissue and organ damage, including models of acute myocardial infarction, stroke, skin burns, acute intestinal inflammatory diseases, and, recently, psychotic syndromes [1] [2] [3] 6] . Therefore, increase in the number of these cells in PB may have diagnostic and prognostic value.
Trafficking of stem cells in PB is triggered and governed by several factors, including activation of the complement and coagulation cascades and increases in the levels of some chemokines, cytokines, growth factors, bioactive phosphosphingolipids, and even extracellular nucleotides [7] .
In this review we will focus on these novel developments in stem cell research that are becoming increasingly relevant to understanding the pathogenesis of psychotic disorders.
Induced pluripotent stem cells (iPSCs) as tools to study psychotic disorders and test new treatment strategies
The development of induced pluripotent stem cell (iPSC) technology allows one to obtain customized cell lines derived from cells isolated from a given patient [4] . These ethically non-controversial stem cells are derived by genetic modification of mature postnatal somatic cells (Figure 1 ) by their transformation in vitro using genes encoding key transcription factors involved in the early stages of embryogenesis (i.e., Oct-4, Nanog, Klf4, and c-myc). These genes regulating embryonic development are introduced into somatic cells (e.g., skin fibroblasts) using retroviral vectors [4] . As a result of this strategy, transformed iPSCs that differentiate into cells derived from all three germ layers (meso-, ecto-, and endoderm) can be obtained. Such transformation is, however, relatively rare, as, on average, only one cell in several thousand undergoing the aforementioned genetic manipulation is transformed (induced to the embryonic stage) and begins to proliferate, creating a clone consisting of iPSCs [4] . Recently, some modifications to this strategy, that employ more limited number of genes in the transduction process, microRNAs (miRNAs), or even small molecules that modify DNA structure, have been described [4] . iPSCs have been proposed as an ethically acceptable source of pluripotent stem cells that are an alternative to stem cells isolated from embryos (ESCs). What is highly relevant for psychotic disorders, such iPSCs can be generated from somatic cells isolated from the patient and differentiated into neural cells as models to study changes in gene expression of cells affected by schizophrenia. This interesting tool could help to identify new genetic lesions, and such cells could also be employed to test novel treatment strategies. Normal patient-derived somatic cells (for example skin fibroblasts) are reprogrammed (transformed) into immortalized pluripotent stem cells using a mixture of genes that encode embryonic transcription factors (e.g., Oct-4, Nanog, Klf-4, and c-myc). Such iPSCs can be further differentiated into neural cells (derived from ectoderm) or cells derived from the other two primary germ cell layers.
Stem cells circulating in peripheral blood and their relevance to pathological states
As mentioned above, PB is a "highway" for circulating stem cells, and it is well known that HSCs are non-stop travellers throughout the body in both time and space [8] . They circulate in PB and lymph during development, moving between major anatomical sites where hematopoiesis is initiated and/or temporarily active. Starting from the blood islands in the yolk sac of the embryo, HSCs move through the aortic endothelium, placental vessels, and spleen until they reach the fetal liver in the second trimester of gestation. By the third trimester of gestation, they reach their final destination, i.e. the BM microenvironment, where they reside in adult life.
In addition to HSCs, other types of stem cells may also circulate in PB, even under normal steady-state conditions. The most numerous among circulating stem cells are, of course, HSCs, which use this route in postnatal life to keep the pool of stem cells in the BM of bones located in different areas of the body in balance. Moreover, during infection, circulating HSCs may differentiate directly in damaged tissues into progenitor cells of the myeloid lineage and locally supply granulocytes, monocytes, and dendritic cells to fight the infection [9] .
As mentioned above, in addition to HSCs there are also MSCs, EPCs, and VSELs detectable in PB. It has been proposed that these different types of cells circulate under steady-state conditions in order to "patrol" peripheral tissues for potential injuries and may play the role of "paramedics" in repairing minor lesions in peripheral organs [3] .
Moreover, these circulating cells have been demonstrated in PB in several models of more serious tissue organ injury, including models of heart infarct, stroke, skin burns, and intestinal inflammation, and our team has also recently reported their presence in PB in psychotic disorders [3, 6, [10] [11] [12] . Therefore, the number of these cells detected in PB may be of both diagnostic and prognostic value.
Overall, the number of stem cells circulating in PB increases in response to 1) systemic or local inflammation, 2) strenuous exercise, 3) tissue or organ injury, and 4) pharmacological agents [8, 9] . Specifically, after administration of certain agents that induce their forced egress into PB, a process known as stem cell mobilization, the number of HSCs circulating in PB may increase up to 100-fold. Pharmacological mobilization has been exploited in hematological transplantology as a mean to obtain HSPCs for hematopoietic reconstitution. The most important mobilizing agents currently employed in the clinical practice are granulocyte colony stimulating factor (G-CSF) and CXCR4 receptor-blocking molecules (e.g., AMD3100) [13, 14] .
Relevant for this review, lithium, a drug employed for over 50 years in psychiatry to treat mood instability, has also been described as inducing stem cell mobilization, increasing the plasma level of G-CSF, and potentiating the mobilizing effects of G-CSF [15] .
Endogenous factors increasing the number of circulating stem cells in PB
Stem cells are located in the BM and other organs in areas known as stem cell niches. In BM, for example, the major role in retention of HSCs is played by the chemokine stromal-derived factor 1 (SDF-1)-CXCR4 receptor axis [16] . While SDF-1 is expressed by cells within the niche, CXCR4 is present on the surface of HSCs. Stem cell niches are present also in brain, and neuronal stem cells have been described as residing in the subventricular zone of the lateral ventricles and olfactory bulb, as well as in the subgranular zone of the dentate gyrus in the hippocampus [17] [18] [19] . The factors responsible for retention of these cells in brain stem cell niches are still not very well understood. There are, however, indications that the SDF-1-CXCR4 axis may play a role there as well [20] [21] .
Overall, the egress of HSCs from BM into PB during the mobilization process has been proposed to be directed by a decrease in the SDF-1-CXCR4 interaction in BM niches (e.g., due to release of proteolytic enzymes from granulocytes, which degrades SDF-1) and an increase in the PB level of SDF-1, which would reverse the trans-endothelial chemotactic gradient of SDF-1 between the BM microenvironment and plasma [14] . This concept, however, has been recently challenged by the observation that the PB SDF-1 level does not increase significantly during mobilization, and thus one cannot explain the egress of HSCs from BM to PB simply by the reversal of the gradient between BM and PB [22] .
Recent research from our laboratories and confirmed also by others has established that sphingosine-1-phosphate (S1P) is a major chemoattractant for HSCs and is present in PB [22, 23] . A high concentration of S1P in PB plasma (and therefore a considerable chemotactic gradient with respect to BM) is continuously present under steady-state conditions. On the other hand, S1P may also play an important role in homing of cells to brain tissue. It is known that inhibitors of S1P-mediated migration (e.g., fingolimod) are employed to decrease infiltration of the brain by lymphocytes in multiple sclerosis patients [24] . Moreover, it has also been proposed that the release of neurotransmitters from the synapses of nerves that innervate the BM microenvironement (e.g., involving the dopamine, β2-and β3-adrenergic receptors) may affect stem cell mobilization [25] , and this issue will be discussed latter in this review.
Evidence has accumulated that mobilization of stem cells is triggered by activation of the complement cascade in the BM microenvironment. In support of this mechanism, it has been observed that mice that do not activate the distal part of the complement cascade display a profound defect in mobilization of HSCs [26] . Moreover, the complement cascade becomes activated in all mechanisms leading to mobilization of HSCs (i.e., systemic inflammation, organ injury, and administration of all mobilizing drugs). As we recently demonstrated, the mobilization process is attenuated by heme oxygenase 1 (HO-1), which has anti-inflammatory and inhibitory effects and inhibits activation of the complement cascade [27] .
Thus, it is important while investigating stem cell trafficking to also measure, in parallel, changes in S1P and SDF-1 levels in PB, as well as activation of the com-plement cascade by detecting plasma levels of complement cleavage fragments (e.g., C3a, C5a, C5b-C9).
Trafficking of stem cells in psychiatric disorders
Since stem cells are mobilized in PB in several clinical situations, our group became interested in changes in the number of these circulating cells in psychiatric disorders. To address this question, we evaluated the stem cells circulating in PB, first in patients with anxiety disorders and then in patients with acute psychotic syndromes. We focused on the number of HSCs circulating in PB and subsequently the number of VSELs. The main idea behind this study was that circulating cells, including stem cells, could be involved in the pathogenesis of certain psychiatric disorders.
This hypothesis seems reasonable, as it has previously been proposed that release of neurotransmitters from the synapses of nerves that innervate the BM microenvironment (e.g., involving the dopamine, β2-and β3-adrenergic receptors) and enhanced tonus of the vegetative nervous system are responsible for the mobilization of HSCs into PB [25] . In support of this possibility, UDP-galactose:ceramide galactosyltransferase-deficient mice, which exhibit aberrant nerve conduction and do not release norepinephrine (NE) into the BM microenvironment, were found not to mobilize HSCs in response to administration of G-CSF [28] . By contrast, as recently reported, modification of sympathetic output does not affect G-CSF-induced mobilization in humans, as would be predicted. Specifically, normal human HSPC volunteer donors who were receiving NE reuptake inhibitors (NRI) because of depression or were treated with β2-blockers because of hypertension mobilize HSCs into PB in a similar manner as normal controls [29] . Surprisingly, mobilization in these patients was neither enhanced by NRI administration nor suppressed by β2-blockers, as one would expect based on the murine data reported in the literature.
Circulation of hematopoietic stem cells (HSCs) in patients with psychotic disorders and acute anxiety syndromes
To address this intriguing issue and the discrepancy between human and mice, we analyzed the levels of circulating HSCs in patients suffering from acute psychosis and anxiety disorders -clinical situations with elevated levels of catecholamine in PB [30] . It is well known that the levels of NE and dopamine are elevated in peripheral tissues and PB in these patients. Moreover, during acute psychotic syndromes, patients are under the influence of several neural mediators [30] . Moreover, one group reported a higher NE turnover rate in first-episode schizophrenic patients [31] .
In our study we enrolled 30 unrelated individuals with a diagnosis of first-episode psychosis, which was assessed using The International Classification of Diseases 10 th Revision criteria (ICD-10, 1998) [32] . Individuals enrolled in this study were diagnosed with first-episode psychosis (F20, F22, F31 or F23) according to ICD-10, with no history of axis I psychiatric disorders other than the above mentioned (drugnaïve) psychosis. Psychometric evaluation of patients was performed with the positive and negative syndrome scale (PANSS) [33] . We also performed a study of 30 patients suffering from acute anxiety disorders (manuscript in preparation). All these patients were compared with an ethnic-and gender-matched control group of 35 healthy volunteers without psychiatric disorders, which were excluded according to an examination by a specialist psychiatrist. Patients with a history of serious lifetime medical events, organic brain injuries, or drug or alcohol dependence were excluded from the study.
Mobilization of HSCs in patients with first-episode psychosis, patients suffering from acute anxiety disorders, and control individuals was evaluated using 1) FACS (fluorescence-activated cell storting) to evaluate the number of HSCs circulating in PB identified by phenotypic staining as CD34 + , CD133 + , CD34 + CD45 + Lin -or CD133 + CD45 + Lin -cells and 2) functional in vitro assays to detect the number of granulo-monocytic (CFU-GM) and erythroid (BFU-E) clonogenic progenitors. In parallel, we measured the levels of epinephrine, norepinephrine (NE), and dopamine in PB serum. Both cells and catecholamine levels were enumerated in acute patients with psychotic and anxiety disorders before and after treatment and compared with age-and sex-matched controls.
In the performed studies, we did not observe any significant differences in the number of circulating HSCs or clonogenic BFU-E and CFU-GM progenitors between normal controls, and psychotic patients or patients with anxiety disorders [34] . In particular, the number of HSPCs circulating in PB was not affected by increased levels of adrenaline, norepinephrine, and dopamine in the PB of patients suffering from acute psychotic syndromes. Interestingly, the levels of NE and dopamine in our study were lower in patients with anxiety disorders and increased after treatment. Thus, our data argue against an effect of vegetative nervous system tone on the number of HSCs circulating in PB in humans. Our negative results, performed on patients suffering from acute psychoses and anxiety disorders, somewhat corroborates the results reported for normal HSPC volunteer donors that were previously treated with NRI because of depression or with β2-blockers because of high blood pressure and mobilized with G-CSF [29] . This finding suggests that there are some clear differences between rodents and humans in the effect of the vegetative nervous system on mobilization of HSCs.
Circulation of very small embryonic-like stem cells (VSELs) in patients with psychotic disorders and acute anxiety syndromes Next, we tested whether VSELs and factors that modulate their trafficking may be biological markers for acute psychosis and anxiety syndrome [6] . To address this question, 28 subjects during their first non-affective psychotic episode were investigated before and after antipsychotic treatment and were compared with 35 healthy controls (CG); the psychotic group (PG) was divided into "schizophrenic" (SG) and "nonschizophrenic" (NG) subgroups. We also investigated 30 patients suffering from acute anxiety disorders. In all patients we employed FACS analysis to determine the number of Lin We found that the mean number of Lin -/CD45 -/CD34 + VSELs in PB prior to treatment differ between the CG and PG groups and that the number of Lin -/CD45 -/ CD133 + VSELs in PB also differed between the SG and NG subgroups prior to treatment [6] . However, no changes in the number of VSELs circulating in PB were observed in acute anxiety syndrome patients. In parallel, we also measured the plasma levels of factors that modulate the trafficking of these cells, including activated complement cascade components (C3a, C5a, and C5b-9), as well as S1P and SDF-1. Using logistic regression analysis, we found that C3a and S1P are the best predictors of risk and are potential markers for the first psychotic episode [6] . Furthermore, in the SG subgroup, the number of circulating Lin -/CD45 -/CD34 + VSELs and the S1P plasma level are the best predictors of risk, and we proposed these parameters as novel markers for the first schizophrenic episode [6] .
Based on these findings, we propose that altered levels of circulating VSELs, S1P, and C3a in the PB of patients following the first episode of psychosis reveal an accompanying systemic reaction associated with stem cell mobilization and activation of regeneration processes. This latter thesis is supported by increased expression of mRNA for genes characteristic for early neural stem cells detected in the mononuclear cell fraction isolated from PB. Furthermore, we also found that the neuroleptic treatment of the first episode of psychosis does not enhance mobilization of VSELs. Thus, VSELs, S1P, and C3a could potentially be employed as novel markers of the first episode of psychosis [6] .
Potential implications of circulating VSELs for psychiatric disorders.
We are aware that further studies are needed to address the role of circulating VSELs in acute psychotic patients. These cells may reportedly differentiate into cells from different germ layers, including neural cells, and thus may play a role in regeneration of brain tissue. We are aware, however, that the potential remodelling of brain tissue during schizophrenia requires further study. In fact, abnormal neurogenesis has been proposed as the cause of certain mental disorders [35] ; however, it is unclear whether this occurs during embryonic neurogenesis or in the adult brain.
Further work is also needed to better understand the involvement of factors that modulate the trafficking of stem cells. The results concerning the SDF-1 plasma level in the first episode of psychosis are so far inconclusive, and in fact we did not observe any significant changes in the level of this chemokine in PB [36] . Studies reported in the literature on the role of complement cascade activation are also so far inconclusive [37, 38] . It has been proposed, for example, that complement plays a dual role in schizophrenia: it is neuroprotective in aetiology and neurodegenerative in pathogenesis. Abundant or chronic activation of the CC could, on the one hand, mediate cell damage and lead to neurodegenerative disorders. However, recent studies have implied that C3a is engaged in basal-and ischemia-induced neurogenesis as well as synapse remodelling and pruning [39] . As reported, bioactive C3a and C5a components of the complement cascade affect neurogenesis, glial chemotaxis, and glial phagocytic activity [35] . Furthermore, the terminal product of complement cascade activation, C5b-C9, also known as the membrane attack complex (MAC), on the one hand, mediates neuronal lysis-related necrosis, and on the other hand, stimulates the proliferation of Schwann cells and inhibits the apoptosis of oligodendrocytes [35] [36] [37] [38] [39] . Recently, we demonstrated that activation of the terminal complement cascade and the release of MAC are required for the mobilization of stem cells from BM into PB [40] .
The fact that BM-derived cells may also regulate anxiety-like behaviour was recently demonstrated in mice [41] . Specifically, in response to repeated social defeat (RSD) caused by an aggressive intruder, normal mice exhibited anxiety-like behaviour corresponding with an exposure-dependent increase in circulating monocytes as well as cytokine and chemokine responses involved with myeloid cell recruitment and increased presence of monocytes within the perivascular space, parenchyma of the prefrontal cortex, amygdala, and hippocampus. Interestingly, mice deficient in chemokine receptors associated with monocyte trafficking, chemokine receptor 2 (CCR2) knockout or fractalkine receptor (CX3CR1) knockout mice, failed to recruit macrophages to the brain and did not develop anxiety-like behaviour following RSD [41] . This observation provides hints for potential treatment strategies.
Effect of circadian rhythms on circulation of stem cells in PB
It has been demonstrated in mice that enhanced tonus of the vegetative nervous system regulates circadian changes in the mobilization of HSCs into PB. Specifically, circulation of these cells under normal steady-state conditions is regulated by a circadian rhythm, with the peak of these circulating cells occurring in the early morning hours and the nadir at night [25] . In mice exposed to daylight changes, this oscillation in HSCs levels in PB was affected by changes in tonus of the vegetative nervous system [25] . Moreover, in a recent study, it has also been proposed that G-CSF increases sympathetic tonus directly via G-CSF receptors that are expressed on peripheral sympathetic neurons, which would reduce NE reuptake and increase NE availability in the BM microenvironment [28] . Since tonus of the vegetative nervous system may play some role in circadian release of HSCs into PB, it would be interesting to study whether there are any circadian changes in the numbers of these circulating cells in patients suffering from acute psychotic syndromes and acute anxiety syndromes compared with normal controls. Furthermore, a similar analysis of the circadian circulation of HSPCs could be performed in patients medicated with NRI and β2-blockers.
Nevertheless, in one report, no circadian changes in the levels of NE and epinephrine in PB were found that could be explained by a change in circadian rhythms of the patients [42] . NE and epinephrine plasma levels rapidly fluctuated in each normal subject, with no obvious diurnal rhythm. The observed changes were related more to posture and physical activity than to an endogenous circadian surge of catecholamine level regulated by an internal clock [42] .
However, while considering the circadian circulation of HSCs, one should also remember that the level of these cells in PB could be affected not only by circa-dian changes in vegetative nervous system tonus but also by changes in activation of the complement and coagulation cascades. These two important evolutionarily conserved cascades follow circadian changes due to a decrease in blood pH during deep sleep [43, 44] . In support of this possibility, the complement cascade is an important modulator of HSCs trafficking [7] . Furthermore, there is vigorous crosstalk between the coagulation and complement cascades, which are usually simultaneously activated [13] . In particular, thrombin, the final product of coagulation cascade activation, is a potent activator of the C5 component of the complement cascade and, as mentioned above, mobilization of HSCs is severely impaired in C5-deficient mice [26] . Ongoing studies in humans will address which factors modulate circadian release of cells from BM into PB.
Conclusions
Stem cell research and, in particular, the potential cell-trafficking axis between BM and brain requires further study. In this paper, we presented our results suggesting that VSELs play a role in remodelling the brain in schizophrenic patients. Another important question is the potential role of lithium, employed in the treatment of mood instability, on the mobilization of stem cells from BM and their migration to brain, which requires further study [41] . The fact that BM-derived cells may regulate anxiety-like behaviour, as recently demonstrated in normal mice by repeated social defeat caused by an aggressive intruder, lends support to this notion [41] . Therefore, in the coming years we may expect several surprises regarding how circulating stem cells affect pathogenesis and new possibilities for how they might be used in the treatment of psychiatric disorders [45] .
